a Novel self-activated yellow-emitting BaLuAl x Zn 4Àx O 7À(1Àx)/2 photoluminescent materials were investigated by a combined experimental and theoretical analysis. The effects of Al/Zn composition modulation, calcination atmosphere and temperature on the crystal structure and photoluminescence properties have been studied via engineering oxygen vacancies. Accordingly, BaLuAl 0.91 Zn 3.09 O 7 prepared in an air atmosphere was found to be the stable crystalline phase with optimal oxygen content and gave a broad yellow emission band with a maximum at 528 nm. The self-activated luminescence mechanism is ascribed to the O-vacancies based on the density functional theory (DFT) calculation. A theoretical model originating from the designed oxygen vacancies has been proposed in order to determine the influence of O-vacancies on the band structure and self-activated luminescence. Therefore, the appearance of a new local energy level in the band gap will cause the wide-band optical transitions in the studied BaLuAl x Zn 4Àx O 7À(1Àx)/2 materials.
Introduction
Rare earth doped photoluminescent materials have been extensively developed in recent years and applied to many optical materials fields, such as white light-emitting diodes (WLEDs), solar spectral converters and advanced photoelectron devices, and so on. [1] [2] [3] [4] Although rare earth ions play an important role in the fabrication of new photoluminescent materials, the limited rare earth resources encourage researchers to investigate new rare earth-free luminescent materials for different optical applications. [5] [6] [7] [8] The spectroscopic properties of the self-activated phosphors are generally governed by the optical transitions through the oxygen-vacancy-related states in the band gap, so that their excitation and emission spectra are strongly dependent on the chemical composition, intrinsic structural properties and different preparation conditions. [9] [10] [11] [12] A kind of LnBaZn 3 AlO 7 (Ln = Lu, Sm) compound with the general structural type ''1147'' was firstly reported in 1996. The structure is partly disordered and two mixed cation positions were found with different Zn/Al ratios. 13, 14 As we know, the structural disorder is a positive factor for the creation of wideemission-band phosphors in the doped systems. [15] [16] [17] More recently, the evaluation of the ''1147'' systems was continued and now the general formula can be written as LnBaM 4 O 7 (Ln = rare earth and Ca; M = Co, Fe, Mn, Zn, Ga, and Al). [18] [19] [20] Several rare-earth-containing phosphors were proposed from the LnBaM 4 O 7 -type hosts when M = Zn or Ga. [21] [22] [23] Up to now, however, self-activated luminescence remained unknown in this kind of complex oxide system. In this paper, novel self-activated yellow-emitting BaLuAl x Zn 4Àx O 7À(1Àx)/2 photoluminescent materials are reported, and their structural and luminescence properties were comparatively evaluated based on different chemical compositions and synthesis atmospheres. A theoretical model originating from the designed oxygen vacancies has been proposed, and it is found that the self-activated luminescence is ascribed to the appearance of a new local energy level band induced by the oxygen-vacancy-related states in the band gap. 
Structural and optical characterization
The powder diffraction data were obtained by X-ray powder diffraction using a Philips X'Pert PW-3040 device (Cu Ka radiation, 40 kV, 35 mA). The Rietveld refinement was performed using package TOPAS 4.2. Photoluminescence spectra were measured using a fluorescence spectrophotometer (F-4600, HITACHI, Japan) with a 150 W xenon lamp as the light source. The luminescence decay curves were obtained using a FLSP9200 fluorescence spectrophotometer (Edinburgh Instruments Ltd, UK). Diffuse reflection spectra were measured on a UV-Vis-NIR spectrophotometer (SHIMADZU UV-3600) attached with an integrating sphere. BaSO 4 was used as a reference standard. High-resolution transmission electron microscopy (HRTEM) images were obtained using a JEM-2011 microscope (JEOL, Japan), which is equipped with an energy dispersive X-ray spectrometer (EDS, INCA, Oxford instruments, UK).
Calculation methodology
The band structure calculations were performed based on the X-ray crystallographic data of BaLuAl 0.91 Zn 3.09 O 7 obtained in the present study. The positions of the atoms were relaxed so as to minimize the forces on the atoms. We have used the generalized gradient approximation (PBE-GGA) 24 within the full potential linear augmented plane wave (FPLAPW+lo) method as embodied in the WIEN2k code. 25 The resulting relaxed geometry was used to calculate the electronic structure and, hence, the associated properties using PBE-GGA and the recently modified BeckeJohnson potential (mBJ). 26 The muffin-tin radii (R MT ) of the atoms were chosen in such a way that the spheres did not overlap. The value of R MT is taken to be 2.19 a.u. (Ba), 2.15 a.u. (Lu), 1.92 a.u. (Zn) and 1.59 a.u. for Al and O. To achieve the total energy convergence, the basis functions in the interstitial region (IR) were expanded up to R MT Â K max = 7.0 and inside the atomic spheres for the wave function. The maximum value of l was taken as l max = 10, while the charge density is Fourier expanded up to G max = 12 (a.u.)
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. Self-consistency is obtained using 300 k points in the irreducible Brillouin zone (IBZ). The self-consistent calculations are converged since the total energy of the system is stable within 0.00001 Ry. The electronic properties are calculated using 970 k points in the IBZ. The details of DFT calculations and level of theory are also given in the ESI. † phase prepared in the air atmosphere can show the luminescence under the ultraviolet light excitation, as given in the photoluminescence and emission spectra shown in Fig. S3 (ESI †). We believe that the air atmosphere in the phase formation plays an important role in the optimal oxygen vacancy quantity and the induced photoluminescence, and the related mechanism will be discussed later. Therefore, an air atmosphere is selected in the following experiment aimed at the preparation of the BaLuAl 0.91 Zn 3.09 O 7 -based phase.
Since the Al/Zn ratio also affects the phase structure of the BaLu(Al,Zn) 4 Furthermore, the Rietveld plots of the three samples are given in Fig. 2 , and the refinement results also verified that they belong to the same phases depending on different Al/Zn ratios. Accordingly, Fig. 3 has the optimal self-activated photoluminescence properties, and the emission intensity of this sample is the highest one among these series of samples, as given in Fig. S5 (ESI †) 13 Moreover, we have also O 7 sample have been checked by transmission electron microscopy (TEM) and scanning electron microscopy (SEM), respectively. Fig. 4a presents the TEM image of the selected particle, and the size is approximately 200 nm. In order to show the overall morphologies, Fig. 4b presents the SEM image of the selected BaLuAl 0.91 Zn 3.09 O 7 sample. From the observed SEM image, we can find that the morphologies are irregular and the size is not homogeneous in the range of 1-20 mm. Additionally, the sample for quantitative composition analysis of elemental composition was performed by ICP-OES, and the weight percentages of Ba: 19.64%, Lu: 25.25%, Al: 3.55%, Zn: 32.69% and O: 19.15% are very close to the calculated nominal values. Also, the low oxygen content was detected in the samples, and the lack of oxygen supported the existence of oxygen vacancies, which will be discussed later.
The photoluminescence excitation and emission spectra of optimized BaLuAl 0.91 Zn 3.09 O 7 phosphors are shown in Fig. 5a . The excitation spectra consist of a broad band covering the spectral range of 270-400 nm with an abrupt edge at B400 nm. The broad absorption band possesses the narrow maximum at 373 nm and the shoulder at B333 nm. Besides this band, the absorption increases at o240 nm. As for photoemission from the BaLuAl 0.91 Zn 3.09 O 7 powder upon UV excitation (373 nm), the broad band ranging from 420 nm to 720 nm with the shallow maximum at 528 nm is observed. As shown in the inset in Fig. 5a by the digital photo, the BaLuAl 0.91 Zn 3.09 O 7 powder excited at 373 nm is of yellow color. To estimate the luminescence lifetime for the sample, the decay curve was measured under 373 nm UV excitation, as shown in Fig. 5b . The decay curve can be well fitted by the biexponential function:
where I and I 0 are the phosphorescence intensities at time t and 0, A 1 and A 2 are constants, and t 1 and t 2 are rapid and slow lifetimes in the exponential components, respectively. The effective lifetime constant t can be calculated according to the following equation: 
Based on the above data and eqn (1) and (2), the values of A 1 , A 2 , t 1 , and t 2 are 1110.04, 579.80, 1.10 and 3.50, respectively. As we know, the lifetime value gives the total decay rate (radiative plus nonradiative rates). The physical origin of different decay components means the lifetime of the different luminescence centers, and we can find that there is little difference for the decay component, 1.1 ms and 3.5 ms, which means that they belong to the same kind of emission center. Therefore, the average decay time value of BaLuAl 0.91 Zn 3.09 O 7 was calculated to be B2.60 ms, therefore, such a long lifetime value is generally related to the defect luminescence. Such a value is also of the same order of magnitude as the other self-activated phosphors, such as Li 2 Ca 2 ScV 3 O 12 .
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To consider the possible mechanism of the self-activated luminescence and the corresponding optical transitions, it is needed to reveal the band structure of the compound. The relaxed unit cell of BaLuAl 0.91 Zn 3.09 O 7 is presented in Fig. S8(a) (Fig. 6a) , and this feature vanishes from the electronic band structure of BaLuAl 0.91 Zn 3.09 O 6 (Fig. 6b) due to the pair of oxygen vacancies. In Fig. S9(a and b) (ESI †) the total density of states along with the PDOS of the Lu atom is shown for both cases. The pair of oxygen vacancies significantly influences the TDOS. From the PDOS, it has been noticed that for case 1 the VBM is mainly formed by Zn, O1 and O3 atoms while for case 2 it is clear that these bands are vanished confirming the two oxygen vacancies keeping the VBM with a small contribution from O1 and O2. It is interesting to mention that there is a new local energy level appeared directly above E F in the forbidden gap, which is composed of O-2p states. The appearance of this new band may cause the appearance of a new excitation band. Recently, Ding et al. 9 reported that the position of such a local energy level is changed due to the variation of oxygen vacancy concentration. can be further transferred into the energy scale according to the following equation:
where hv is the photon energy, E g is the value of the band gap, A is a proportional constant, n = 2 for a direct transition or 1/2 for an indirect transition, and F(R N ) is a Kubelka-Munk function defined by the following equation:
where K represents the absorption coefficient, S represents the scattering coefficient, and R represents the reflectivity. Based on the above measured absorption spectrum and eqn (3) and (4) Fig. 7a . It should be pointed out that the optical absorption edge at 392 nm is in good relation with the excitation edge obtained at B400 nm (Fig. 5(a) ). Furthermore, there is no absorption over the photon energy below B3.1 eV. The strong absorption increase, however, is evident at photon energy 43.1 eV.
As also given in Fig. 7b , the band calculations in BaLuAl 0.91 -Zn 3.09 O 6 exhibited the new state generation in the forbidden band gap due to oxygen vacancy introduction. Evidently, the different vacancy complexes may be constructed in this disordered structure and the vacancy-related states may be widely distributed in energy within the band gap. Then, the electrons excited to the conduction band by the UV illumination can emit the energy by the radiative transitions to oxygen-vacancy-related states over the band gap. The transitions are different in photon energy and this is the source of wide self-activated emission band detected in BaLuAl 0.91 Zn 3.09 O 7 .
Conclusions
Novel self-activated yellow-emitting BaLuAl x Zn 4Àx O 7À(1Àx)/2 photoluminescent materials were investigated from a combined experimental and theoretical analysis. The effects of Al/Zn composition modulation and calcination atmosphere on the phase compositions of photoluminescence properties have been studied. The results show that the O-vacancies are the significant factor for the luminescence properties. DFT band calculations based on the compared results on BaLuAl 0.91 Zn 3.09 O 6 and BaLuAl 0.91 Zn 3.09 O 7 showed the new state generation in the forbidden band due to the fact that oxygen vacancy introduction plays an important role in the self-activated luminescence. Different vacancy complexes may be constructed in this disordered structure and the vacancy-related states may be widely distributed in energy within the band gap. Then, the electrons excited to the conduction band by the UV illumination can emit the energy by the radiative transition to oxygen-vacancy-related states over the band gap. The transitions are different in photon energy and this is the source of wide self-activated emission band detected in BaLuAl 0.91 Zn 3.09 O 7 . Our findings on the oxygen vacancy-related photoluminescence based on the experimental data and the theoretical model will open up a suitable avenue to explore new self-activated photoluminescent materials. Thus, it is also topical to search for new compounds with general composition BaLnAl x Zn 4Àx O 7À(1Àx)/2 , and compare their structural and spectroscopic properties for different rare-earth (Ln) elements.
